Fetal morphogenesis genes are expressed in rheumatoid synovial tissue and the presence of undifferentiated mesenchymal cells can also be shown. Possibly, these events are related to remodelling/repair processes, which could lead to the development of new methods of treatment, or they may be harmful and play a part in the immune process. 
M
orphogenesis genes are tightly regulated during fetal life, where they are responsible for limb bud initiation, patterning processes of the limb, cartilage development, and joint formation. 1 These genes are highly conserved across species and include Wnt (wingless), BMP (bone morphogenetic protein), noggin, chordin, FGF (fibroblast growth factor), and hedgehog gene families. Recent studies report that these morphogenesis genes are de novo expressed in rheumatoid synovitis. The presence and potential activity of these genes in adult joints may reflect a new situation: the migration of undifferentiated stromal mesenchymal progenitor cells into the injured joints attracted by the continuing repair process. Another hypothesis would be that the continued persistence of undifferentiated/immature fetal cells in the joints may result in cell activation and immune responses.
LIMB MORPHOGENESIS Limb bud development
The development of the limb has been studied in great detail. Lateral plate and somatic mesoderm contribute to the formation of the appendicular skeleton. Shortly after the initial outgrowth of the limb bud, somatic cells migrate into the limb to form muscles, nerves, and the vasculature. The skeletal mesenchyme is derived from lateral plate mesoderm and prefigures the future skeletal elements in a cartilaginous primordium in a proximal to distal fashion, so that the humerus forms first, followed by the radius and ulna, and, lastly, the digits.
Cells of the limb bud are embedded in a dynamic three dimensional structure and affected by multiple signalling molecules that ultimately determine their fate. During embryonic life, the elongation of the limb bud in three axes is controlled by FGF-8 (proximal to distal growth), Wnt7 (ventral-dorsal axis), and by Sonic hedgehog (anterior-posterior axis). The initial outgrowth of the limb from the lateral plate mesoderm is induced by the expression of FGF-8 to FGF-10. 1 In the apical ectodermal ridge, the FGF growth factors are responsible for the proximal to distal elongation of the undifferentiated mesenchyme. FGF-8 induces Sonic hedgehog (Shh) expression that in return is down regulated by FGF-4 through a feedback loop. 2 
Joint formation
The hedgehog protein family which plays a part in joint formation has the following members: Sonic, Desert, Indian, and Tiggywinkle. Hedgehog family members are secreted proteins that bind a specific receptor (Patch). The signalling cascade include the transcription factor Cubitus interruptus activation of transcription of BMP, Wnt, and Hox genes. 3 Several wingless proteins (Wnt3, 4, 6, 7a, and En-1, 5a) are expressed in the limb and are involved in joint formation. Wnt proteins bind to a transmembrane receptor frizzled (frz), which then activates the signalling molecule Dishevelled. This signal molecule leads to the activation of a transcription factor complex consisting of β-catenin/TCF/LEF (T cell factor/lymphocyte enhancing factor). Wnt7a shares with Wnt1 chondrogenesis inhibition of mesenchymal cells. 4 Retroviral gene transfer of Wnt1 in the limb buds results in failure of cartilage development. In contrast, Wnt5 induces outgrowth of the proximal skeleton.
5 Wnt5a/b and Wnt4 genes are expressed in the cartilage primordium of the limb, Wnt5a in the perichondrium, and Wnt4 in the cells of the joint region. Wnt5 expression accelerates chondrocyte maturation, whereas Wnt4 exerts an opposite effect. Wnt14 has a pivotal role in inducing synovial joint formation in the developing skeleton. In the knee joint of chicken embryo, Wnt14 is expressed both by the fibrous connective tissue and the synovial membrane. 6 Moreover, a local retroviral mediated gene expression of Wnt14 induced ectopic segmentation and new joint formation (fig 1) . The formation of the joint constitutes a multistep process. The first step is the organisation and condensation of mesenchymal cells, through the expression of Wnt14, followed by GDF5 (fig 1) . The BMP antagonists noggin and chordin are responsible for joint space narrowing and counteract the action of BMPs which induce the formation of the joint cavity. 
Skeletogenesis
Transforming growth factor β (TGFβ) related molecules, among these, BMPs, regulate many morphogenetic events during embryonic development and are also important signalling molecules for skeletogenesis in vertebrates. The TGFβ superfamily consists of more than 40 growth factors, which share seven conserved cysteine residues in their C-terminal region. 7 BMPs are homodimeric proteins of about 20-30 kDa which can induce chondrocytic and osteoblastic differentiation from mesenchymal progenitors and induce osteoblast and chondrocyte related marker gene synthesis, including several types of collagen. In addition, embryonic stem cells may also differentiate into cartilage when stimulated by BMP2 or BMP4. 8 The BMP family members exert their effect through the association with two different types of serine/threonine kinase receptors: type I and type II receptors. 9 The type II receptors are involved in initial ligand binding followed by a recruiting of type I receptors into a heteromeric complex, resulting in downstream signalling. A family of nine intracellular signalling proteins, termed Smad proteins (Smad1 to Smad9) have been identified in vertebrates, and transduce signals for TGFβ. 10 The common mediator Smad (co-Smad; Smad4) associates with activated R-Smads. The Smad complexes translocate into the nucleus and participate in the regulation of target genes. This occurs predominantly by the binding of other transcription factors and transcription regulators. The third class of Smads are inhibitory molecules (I-Smads, Smad6 and Smad7) which interfere with the activation of R-Smads.
"Are morphogenesis genes related to the continuing remodelling/repair process in chronic autoimmune synovitis?"
The Smad cascade leads to expression of transcription factors Scleraxis, HMG box protein Sox9, and paired box genes Pax1 and Pax9, which play a pivotal role during chondrogenesis. Teratomas generated from Sox9−/− mutant embryonic stem cells do not produce cartilage tissue, indicating a requirement for cartilage formation. 11 Furthermore, in chimeric mice Sox9−/− or Scleraxis−/− cells do not contribute to the formation of chondrogenic or skeletal structures. 11 12 During embryogenesis, the paired-box transcription factors Pax1 and Pax9 are expressed in axial and limb skeletal elements, and targeted deletions in mice display phenotypes in these elements, indicating a role for these factors in patterning and cartilage formation. 13 14 Recently, a T box domain-containing transcription factor was shown to induce chondrocyte differentiation and cartilage formation (Czichos S et al, unpublished data).
Chondrogenesis is also negatively regulated during embryogenesis by the nuclear factor of activated T cells (NFATp). NFATp−/− mice develop ectopic formations of cartilage and show extensive destruction of peripheral joints after 6 months of age. 15 Zinc finger transcription factors such as αA-crystallin binding protein 1 (CRYBP1) seem to interfere with collagen II synthesis 16 and a targeted δEF1 deletion in mice leads to severe defects in skeletal patterning and joint formation. 17 Several additional factors play a part in chondrogenesis negative regulation during embryogenesis for endochondral bone formation. Among these, noggin is a natural BMP antagonist, which down regulates mesenchymal cell recruitment in cartilage and slows cartilage progression. 18 Noggin−/− mice show a normal BMP distribution. These animals exhibit several skeletal phenotypes such as hyperplasia of cartilage primordia and fusion of several skeletal elements. Interestingly, these mutant animals fail to develop joints or lumbar tail vertebrae. Parathyroid hormone related protein and Indian hedgehog establish a negative feedback loop which blocks transition of proliferative chondrocytes into hypertrophy. Insulin-like growth factors and FGFs seem to stimulate chondrocyte proliferation in an age dependent manner. 19 20 
IMMATURE PROGENITOR CELLS IN ADULT SYNOVIAL TISSUE
Numerous fetal genes are expressed in adult injured tissues. In autoimmune processes, tissue remodelling occurs simultaneously with inflammation. This remodelling process is distinct from wound healing: instead of fibrosis and repair, mesenchymal cells migrate to the injured organ and rebuild the tissue through a morphogenesis process (Czichos S et al, unpublished data).
In arthritic joints, such undifferentiated mesenchymal cells have been described. 21 These cells have been designated as pannocytes and can be distinguished from synoviocytes or chondrocytes through their rhomboid morphology and the high proliferative response to TGFβ. Within the synovium, mesenchymal cells express BMP receptor, vimentin, and CD44, but not the haemopoietic marker CD34. The cells represent 25% of the synovial lining layer in rheumatoid arthritis (RA). 22 Another study reported that within the RA pannus, synovial cells possess a chondrogenic potential. These cells differentiated into chondrocytes in the presence of TGFβ, or to osteoblasts when stimulated by dexamethasone and ascorbate. 22 In rabbit, synovial progenitor cells are described in the normal synovium, with chondrogenic properties. 23 These data demonstrate the pluripotency of these synovial mesenchymal stem cells.
MORPHOGENESIS GENE EXPRESSION IN RA SYNOVITIS
Adult synovial cells can produce morphogenesis genes such as BMP2 in the case of inflammation. In vitro, BMP2 has been shown to be produced by rheumatoid synoviocytes after interleukin (IL)1 stimulation. 24 BMPs are involved in bone healing as well as in cartilage metabolism in adults. In the joint, BMP2 induces extracellular matrix synthesis from chondrocytes and cartilage growth. Injection of recombinant BMP2 (rBMP2) into the joint induced proteoglycan (PG) synthesis in a dose dependent manner, up to three times the initial value.
25 BMP2 was more efficient than TGFβ1 in stimulation of PG synthesis, but its biological effect was more restricted. However, in the case of induced arthritis in the rabbit, rBMP2 injection in joints was unable to restore PG synthesis. This study showed that the stimulatory activity of PG synthesis by rBMP2 was unable to interfere with IL1α induced PG depletion. 26 In contrast with BMP2, BMP7/OP1 was effective in restoring PG synthesis by chondrocytes in culture despite the presence of IL1β.
27 Figure 1 Embryogenesis of the joint. Other fetal morphogenesis genes have been described in rheumatoid synovial tissue. Among these, wingless genes (Wnt1, 5a, 10b, 11, 13) could be detected in three of five RA samples as well as their receptor frizzled isoforms (frz2, 5, 7). 28 Thus Wnt5a and frz5 expression seem to be specific for RA compared with osteoarthritis or with normal tissue specimens. 28 The levels of Wnt5a expression were equivalent to embryonic cells. Surprisingly, transfection of normal synovial cells with Wnt5a increased expression of proinflammatory cytokines to levels seen in RA synoviocytes. Wnt5a has been shown to interact with the cell surface receptors frz5 and frz2, present on synoviocytes. Treatment of synovial cells with antifrz5 reduced IL6 and IL15 expression. 29 The simultaneous expression of ligand/receptor on RA synoviocytes suggests that cytokine induction is mediated by an autocrine loop involving Wnt binding to frz. Simultaneously, the morphogenesis gene homeobox Hoxd9, a transcription regulator, is expressed by RA synovial cells. 30 This gene expression is involved in synovial synthesis of FGFβ and tumour necrosis factor α.
"Aberrant expression of fetal morphogenesis genes in adults may be harmful"
Remarkably, a number of these fetal genes are not limited to the synovial tissue and are involved in immune cell activation. For example, NFAT induces cardiac valve formation, T cell activation, and chondrocyte growth and differentiation in adult animals. 15 The Wnt10b gene, expressed in fetal tissue, is induced after helper T cell activation in adults. 31 Another example is the down regulation of the receptor for frz1 and frz2 expression on aortic smooth muscle cells in response to balloon injury. 32 This modulation follows the proliferative state of the cells, and shows that Wnt signalling components are involved in joint, lung, or vascular diseases.
WHY ARE FETAL GENES EXPRESSED IN INFLAMED ADULT TISSUES?
The first hypothesis to explain expression of morphogenesis genes and mesenchymal stem cells in autoimmune lesions is that these events are related to remodelling/repair processes. In contrast with wound healing, a new expression of fetal genes seems appropriate to obtain restitution ad integrum of the organ.
The second hypothesis is that the persistence of immature progenitors in the RA synovial tissue is involved in the immune process. In RA, synoviocytes have a transformed phenotype characterised by anchorage independent proliferation and invasiveness. These cells expand clonally and express genes involved in entry and progression in the cell cycle, including c-myc, c-jun, jun-b, c-fos, and erg-1, and simultaneously underexpress cyclin inhibitors like Cip/Kip and INK4. 33 Wnt is a proto-oncogene that promotes cell proliferation and transformation of cell phenotype, leading to tumour formation when associated with a loss of p53 function. 34 Overexpression of Wnt10b in transgenic mice results in a profound alteration of the mammary gland, an expanded glandular development, and an increased adenocarcinoma susceptibility. 35 Wnt5a secreted by synoviocytes binds to frz receptor and leads to activation of the protein kinase C cascade and NFκB activation. 36 Overexpression of Wnt5a in synovial tissue may induce cell transformation and proinflammatory cytokine expression.
Overexpression of fetal genes associated with the presence of undifferentiated mesenchymal cells in autoimmune diseases opens new perspectives for investigation. The effect of this aberrant expression of fetal genes in adult life may be harmful if related to chronic immune activation. On the other hand, knowledge of the possible reactivation of the morphogenesis process in adult tissue may lead to new concepts for future therapeutic intervention. 
